Structure optimization has been widely used within automotive applications. Lighter structures are needed due to their favorable influence on fuel economy, power requirements, top speed, among many other factors. On the other hand, stiff, strong and stable structures are also essential due to how these favor the static and dynamic behavior of the vehicle as well as the safety conditions for the occupants.
Introduction
In automotive engineering, design and manufacture, there has always been a constant concern about safety. Despite the continuous development of safety mechanisms and the exponential growth of technology focused on this same aspect, nowadays, the amount of traffic accidents with tragic consequences is still of alarming proportions. According to the World Health Organization, around 1.23 million people loose their lives in car accidents annually [21] . This may be caused by design, material or device deficiencies, or by lack of awareness or expertise in the user. Nevertheless as the latter is outside the control of automotive engineers, it is of prime importance to focus our efforts on providing the user with the safest possible vehicle, this, without compromising other functions and even counteracting human deficiencies with intelligent systems.
From the structural point of view, the most important part of a vehicle is its chassis, providing most of the stiffness, being crucial for the safety of the occupants and granting the foundation for other systems, which makes it the best candidate component to optimize [13] .
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This work focuses on the optimization of the collapsible region from a lightweight chassis in order to provide the maximum amount of absorbed energy, through minimizing the influence of external factors, such as impact angles, that commonly occur in everyday traffic accidents. In this regards, it is recognized that frontal impacts in vehicles rarely are perfect in nature, meaning that in most cases the driver reacts to the imminent impact by braking and/or steering. As a consequence, the vehicle, and therefore its chassis, deviates from the frontal impact perfect condition, which is commonly considered in crashworthiness analysis. As the impact is no longer perfectly perpendicular to the chassis, the energy absorption properties of the structure are affected.
Starting from a previously designed chassis, an optimization methodology is created for its use on lightweight chassis, without compromising functionality and focusing on its performance during imperfect collisions, predominantly involving Computer Assisted Design (CAD), Computer Assisted Engineering (CAE) and Robust Design techniques.
State of the art
As the automotive industry looks for better fuel efficiency and increased safety, the field of structural optimization involving crashworthiness is gaining importance every day. Current research in this field focuses on areas like "topological optimization focused on impact scenarios", "topological optimization using energy absorption as objective function", "optimal design of automotive structures for crashworthiness" and "automotive structures behavior under impact".
In this regard, several authors have used Taguchi's methodologies to improve the performance of structures under impact. Abbasi et al. [1] used the Taguchi method and parametric design optimization to improve the crashworthiness of an automotive body. The thickness of principal internal parts of the automotive frontal crumple zone was employed as design variable for optimization. In another work, Abbasi et al. [2] improved the crashworthiness of an automotive structure using Fuzzy Logic and Taguchi methods.
Also, in terms of topological optimization Christensen [4] optimized the structure of a light hybrid vehicle focusing on crashworthiness, this, through the simultaneous application of 7 different load cases, Forsberg [8] optimizes by determining load routes with a nonsensibility based convergence method, reducing significantly the computational cost, and Schumacher [17] optimizes by implementing "bubbles", starting with ranked CAD parameters, which may be easily modified.
Having an overview of the work already done and finding a potentially unexploited area, the research presented in this work focuses on the implementation of collapse triggers (see Fig. 1 ), which are geometrical alterations done on a structure, causing it to collapse in an optimal and controlled manner during a collision.
Despite being an uncommonly addressed topic, a previous study about collapse triggers was found. Witteman's doctoral dissertation [20] studies profile geometry and collapse trigger types among other subjects, chapter 3: "Numerical Design of Stable Energy Absorbing Longitudinal Members" analyses 8 different collapse triggers; bead, notch, spheres, plastic fold, smaller thickness, circular notch, circular holes and oval hole.
Witteman applied an incremental load to profiles with the different triggers causing them to yield and deform up to a 180 mm deflection, this way obtaining a force vs. deflection graph, from which the first force peak of each trigger usage and the overall energy absorbed after a 175 mm deflection were obtained. In this case the most relevant result is the force peak due to its direct relationship with the collapse trigger quality. If the trigger is effective the local weakening of the profile takes place with a smaller applied force.
Based on said principle the results obtained from the force vs. deflection graph provide an excellent idea of which is the best trigger, nonetheless, it is also very important to have a qualitative evaluation of the deformed profiles. A good trigger must provide a homogeneously propagated and frontally initiated deformation, this is why crash simulations were performed in order to observe the different profiles behavior. Now, with quantitative and qualitative results Witteman concludes that the best collapse trigger is a "bead" type, therefore, all that is left to determine is the optimal depth of the trigger for a maximum energy absorption. Witteman reduced 5%, 10% and 15% the cross-sectional area of the profile with the amount of penetration the bead trigger has on the area, and, with new impact simulations for each of said percentages a force vs. deformation length graph was obtained.
Once again the first force peak and the overall energy absorption after a 175 mm deflection were obtained for each cross-sectional area reduction, but now looking for maximum energy absorption. Again a qualitative evaluation is desired, for which new crash simulations were executed.
This way, a conclusion is reached in which the best value for cross-sectional area reduction is 10% due to its homogeneous propagation, frontally initiated deformation and maximum energy absorption.
After studying Witteman's work it is evident that focusing this paper on finding the best collapse trigger would do nothing but redound and would not represent a significant contribution to knowledge, nevertheless, he did not study this optimal trigger deeply, therefore, this paper focuses on finding the exact geometry of the bead trigger, the amount of triggers needed for an optimal performance within imperfect impact cases, and the behavior variations with different materials.
Methodology
For the purpose and reach of this work, and, due to their outstanding precision, only computational tools were employed. The software used and their applications are listed below.
• Siemens NX 8.5 -Employed for virtually drawing the analyzed 3D geometry.
• Altair HyperMesh -Software used for the simplification and meshing of the studied geometry.
• RADIOSS -Solver used for the FEM non-linear cases processing.
• Altair HyperCrash -Crash oriented pre-processing software in which the impact set-up was defined.
• Altair HyperView and HyperGraph -Qualitative and quantitative results visualization software with which results from the simulations where obtained. From the already drawn vehicle chassis, shown in Fig. 2 , the region of interest was selected, this work focuses on frontal impact, therefore, the collapsible region of the chassis, shown in Fig. 3a ., was isolated from the rest with the intention of reducing the size of the finite element mesh and, therefore, the computational cost. Also, knowing the interest region is symmetrical, focusing this work on the study of the longitudinal members, and due to the fact that only frontal impacts are being studied, a further simplification can be made in which only one longitudinal member is isolated for analysis as shown in Fig. 3b . 
Impact model
After a study region has been isolated, an impact model, defining how the crash will be simulated, must be developed.
First a 3D model of the analyzed longitudinal member was modeled with NX 8.5 , said model was the 1 m long collapsible region of the longitudinal member, with a 4 ×4 cross-section and a 1.9 mm thickness, according to the real dimensional properties of the construction material.
With a 3D model created, now the meshing of the study object is possible, within HyperMesh a "Midsurface" of the 3D model was obtained in order to work with 2D surfaces, this simplification is possible due to the constant and relatively small thickness of the object, with these surfaces, a 10 mm element 2D mesh is created, element size chosen due to its conventional use in automotive applications, also, a rigid element was created on the rear opening of the object, where a concentrated load will be applied. The mesh created and the rigid element are shown on Fig. 4 .
The previous mesh file was imported into HyperCrash where the crash conditions were determined and implemented.
First, virtual materials were created and assigned to the study object, these materials were defined with the Johnson Cook elasto-plastic model for A36 steel and 6061-T6 aluminum respectively. For all the simulations made along the work, the base units used were mm, kg and ms, therefore the software was provided with property values congruent with said units, for example, density was given in kg/mm 3 . On Fig. 5 the materials properties given to the software are shown. As a consequence of working with a 2D mesh, thickness must be defined, this is done through a "Shell" property with a 1.9 mm thickness according to the construction material. Now, the previously mentioned concentrated load is created with the "added mass" tool, on the case shown a 534.052 kg mass is applied on the center node of the rigid element, this value represents the mass of the vehicle and the driver.
The creation of said "added mass" and the node where it is applied are shown on Fig. 6 .
Since impact cases are being simulated, plastic deformations in the study object are expected, this means that contact conditions may take place and should be taken into consideration, therefore, a self-contact condition is applied to every node of the component with a 0.2 friction coefficient due to a metal-metal contact possibility.
Following the FMVSS No. 208 standard, an impact velocity of 35 MPH (15.646 mm/ms) is applied, for this, an imposed velocity is created with said value and applied on all the nodes of the component, this is done with a velocity vs. time function. Is important to mention that said imposed velocity should be present only during a small amount of time before the impact takes place, this because a realistic deceleration of the component is expected as a consequence of the impact. Taking this into account a start time of 0 ms and an end time of 0.01 ms are defined, being this enough to give the component the desired initial velocity before the first contact happens.
At this point the only object left to create is the one the component is crashing against, once again, following FMVSS No. 208 standard, a fixed rigid wall is created with a 1 mm gap from the component, said gap, for the previously created imposed velocity to be off when the first contact takes place. It is also important to know that crash wall was created taking 500 mm of slave nodes into consideration, this means that from the wall towards the component all the nodes inside a 500 mm volume may have contact with the impact wall. This distance may be freely defined, but always taking into account that if, any node outside said volume reaches the wall it will go straight through it, giving unreal results. Another factor taken into consideration was defining the contact between the component and the wall as tied, this because the front of the vehicle will have a bumper, which restricts the longitudinal members translation, nevertheless a friction coefficient may be defined if the simulation is made with the bumper or if this factor is chosen to be neglected.
The fixed plane with the study object and slave nodes is shown on Fig. 7 .
Finally, the simulation parameters are defined; 60 ms of collision will be simulated, the nodal time step is not defined, allowing the software to define the best one, an animation step is requested every 60μs looking for a total of 1000 steps in the whole simulation and historical data is requested every 90 ns. This parameter configuration is shown on Fig. 8 . This last step creates the necessary files for RADIOSS to solve the finite element model, in average it takes 8 minutes to solve these models, afterwards it is possible to look at and analyze the results.
In order to look at qualitative results the .h3d generated file is read with HyperView , and looking for quantitative results the generated file ended with T01 is interpreted by HyperGraph where an absorbed energy vs. time graph can be generated. On Fig. 9 , examples of these results are shown as close as possible to the 50 ms mark, instant chosen due to a 50% collapse having already happened on a perfectly frontal impact, and therefore, providing significant and representative data. This data acquisition instant is used on every experiment along the document.
The previous results were compared against those obtained by Witteman in his doctoral dissertation, which contain physical tests, and also, against those from the RD-3030 tutorial from Altair . Comparisons which allowed to find similarities and congruencies, and therefore, validate the model used.
Experimentation method
The experimentation used along this work was designed based on Dr. Taguchi's robust design methodology [19] , following said methodology we begin with the creation of the P diagram for the studied product. P diagram shown on Fig. 10 . The components of a P diagram are defined as follows: Signals "M" -Signals are the input received by a product, for which a transformation is expected within the product itself. In this particular case the signal is the kinetic energy of the vehicle before the collision.
This being an ongoing project, certain constraints, are already defined.
In terms of mass, the vehicle must not exceed 1000 kg, and should be able to transport a maximum load of 400 kg (including occupants), knowing this and working under the FMVSS No. 208 parameters the following 4 cases were selected: With the previous cases, the 4 different signals used in the experimentation are defined through the kinetic energy formula (Eq. 3-1).
Eq. 3-1: Kinetic energy Where:
It is important to note that only half of the previously mentioned mass will be considered because only one of the longitudinal members is being simulated and a homogeneously distributed mass is assumed. The 4 signal values are shown on Tab. 1.
Finally, it is also important to mention that, the added mass used in the simulations is slightly different from the values previously mentioned due to the mass of the studied object being subtracted from the total mass, as it is automatically taken into account by the software.
Noise "N" -These are factors that cannot be controlled and may or may not be present, they are unpredictable and impact negatively on the performance of the product. On the study case, in order to consider real phenomenon present during a collision and the unavoidable variability of every manufacture process the following noises were chosen:
1. Dive angle -Caused by the driver's braking reaction before an imminent collision, braking causes the frontal suspension to compress and the rear to expand. A dramatized illustration of this angle is shown on Fig. 11a . In this particular case, the suspension parameters are known, with them, a maximum dive angle of 3.633°was determined. 2. Incidence angle -Caused by the driver's reaction to steer away before an imminent collision. Fig 11b shows an illustration of this angle. Following FMVSS No. 208 standard and looking for the worst case scenario, a maximum incidence angle of 30°was chosen. A greater angle would catalog the collision as a side impact which is not studied within the range of this work.
Component thickness -A variation in this parameter
is unavoidable due to the extrusion process through which the selected profile is manufactured. In this case a 0.1 mm reduction in the profile thickness is chosen because; a reduction would weaken the structure, and a 0.1 mm variation is an extreme variation value that represents a critical case.
With the noises defined and following Taguchi's method an L 4 orthogonal array is selected because only 2 levels will be possible for each noise (present or absent), therefore an L 4 array is ideal. Tab. 2 shows this array.
It is important to note that the way to arrange data is defined by the array itself, these arrays were statistically defined by Taguchi and are to be used as provided. The L 4 array gives 4 different noise configurations to be used in the experimentation.
Control factors "Q" -These factors are the parameters which the experimenter may tune in order to obtain the desired results.
Starting from the work done by Witteman we know that the best trigger is a "bead", nevertheless, he only obtains the ideal value for the depth, he does not provide the optimal dimensions, quantity or distance between For all the control factors 3 levels were chosen.
• For the height, 80, 60 and 40 mm, these because the profile edge is a high energy absorbent feature chosen to be left intact, and having a 10 mm element mesh means multiples of 10 mm variations allow mesh size conservation.
• For the width, 40, 30 and 20 mm, these due to the minimum width allowed by the mesh size being 20 mm and a chosen 10 mm increase.
• For the distance between triggers, 30, 20 and 10 mm also due to the minimum spacing of one element as a consecuence of the mesh size.
• For the quantity, 12, 8 and 4 triggers, this was determined with the maximum number of triggers of maximum width, that could fit along the studied longitudinal member.
With the previous information an L 9 orthogonal array was chosen because it is ideal for 4 factors with 3 levels each. This array is shown on Tab. 3. This array gives 9 different configurations for the control factors to be used in the experimentation. In order to illustrate in a better way the control factors used, on Fig. 12 the 9 configurations obtained from the array are shown.
It is important to mention that all the triggers were created with a direct modification of the midsurface mesh, with a depth of 4.885 mm, this value was determined following Witteman's method and a 10% reduction in the cross-section area.
Response -What is expected as an output, from a product.
In this case, energy absorption is expected. During a collision the kinetic energy from the vehicle is transformed into absorbed energy through the deformation of components.
Within our result analysis software it is possible to obtain a result called "internal energy" which is precisely the energy absorbed by the component during its deformation, therefore, this value is the response obtained during the experimentation.
With all the P diagram parts determined the only thing left to build is the table to be filled during the experimentation runs, said table is constructed following Taguchi's method and taking into account that we are working with a dynamic analysis. The table to be filled is Tab. 4, where all the # symbols represent an experimental result.
Experimentation and results
The previous table gives a total of 144 experimental runs to be executed, knowing that every simulation takes about 8 minutes to be solved, the total computational cost of the experimentation is 19.2 hours per material, therefore, taking into account this work was done with A36 steel and 6061-T6 aluminum, a total of 38.4 hours of computational cost were needed.
Due to the previously mentioned computational cost the use of 24 simultaneous computers was chosen with Experiment  N1  N2  N3  N4  N1  N2  N3  N4  N1  N2  N3  N4  N1  N2  N3 N4 With the previous results obtained from the experimentation process an analysis and interpretation must be made. This is mainly done with two post-experimentation results; signal to noise ratio (S/N) and efficiency (β).
The signal to noise ratio (S/N) condenses various results into a single one which shows the amount of variation present in the data, the performance, and how is it affected by the noises. A higher S/N means a higher performance and therefore a highly robust product.
For dynamic cases, like the one under study, S/N is calculated with Eq. 4-1 shown below.
Eq. 4-1: S/N for dynamic cases Where: r : Signals sum of squares S β : Signals and responses sum of products, squared and divided by r Ve : Responses sum of squares minus S β and divided by the amount of responses
The graph shown on Fig. 13 represents S/N, on it, the input signals (x axis) are related with the response (y axis). The dispersion of every input signal is the variability (represented with the Greek letter σ ), greater variability means greater influence of noises.
The efficiency (β) represents the relationship between the input signals and the response. A greater β means better energy conversion, in other words, a greater amount of the input energy is transformed into useful output energy.
β is calculated as the input signals, and, responses sum of products divided by r.
Where: r : Signals sum of squares On the graph displayed in Fig. 14 , β is the slope of the line that best adjust the relationship between the input signals (x axis) and the response (y axis). A bigger slope translates as better energy conversion.
Analyzing the results of S/N and β for each of the experiments allows us to determine how every control factor affects the response and therefore obtain the best configurations.
From the results shown on Tab. 5, 6, 7 and 8, the values of S/N and β were calculated for both materials under With the previous information an average value for each level of every factor is obtained, finding the factor's influence on each of the results, with this, the ideal level of the factors was found in order to maximize S/N and β.
On the following figures the above mentioned averages are shown with the best level for every factor highlighted in green. Fig. 15 and 16 for A36 steel and Fig. 17 and 18 for 6061-T6 aluminum.
From the previous results of A36 steel we find that in order to maximize S/N the combination would be A3, B3, C3 and D2, nevertheless, in order to maximize β the combination would be A1, B2, C2 and D2. Clearly these combinations are not equal, therefore, in order to choose the best combination, the influence percentage each factor has on S/N & β was obtained. Said influence percentages are shown on Tab. 11.
From analyzing the previous table:
• Factor A has a greater influence on S/N therefore its ideal level is A3.
• Factor B has a greater influence on S/N therefore its ideal level is B3.
• Factor C has a greater influence on β therefore its ideal level is C2.
• Factor D has a greater influence on S/N therefore its ideal level is D2. In conclusion, for A36 steel, the optimal combination is A3, B3, C2 and D2, which means that, in order to minimize the sensibility to noises and maximize the energy absorption, the collapsible region of the longitudinal member should have eight 40 mm high and 20 mm wide triggers with 20 mm in between. This configuration is shown on Fig. 19a . Now, from the results of 6061-T6 aluminum, in order to maximize S/N the combination would be A2, B3, C2 and D2, and for maximizing β the combination would be A1, B1, C1 and D2.
Once again these combinations are not equal and finding the influence percentages of each factor on S/N & β is needed. Tab. 12 shows these percentages.
• Factor A has a greater influence on β therefore its ideal level is A1. • Factor B has a greater influence on S/N therefore its ideal level is B3. Factor C has a greater influence on β therefore its ideal level is C1.
• Factor D has a greater influence on β therefore its ideal level is D2. Meaning that, for 6061-T6 aluminum, the optimal combination is A1, B3, C1 and D2, therefore, in order to minimize the influence of noises and maximize the energy absorption, the collapsible region of the longitudinal member should have twelve 80 mm high and 20 mm wide triggers with 20 mm in between. Fig. 19b shows this configuration.
In order to verify that the optimal configurations are truly optimal they must be tested with the experimentation method. The results for A36 steel are shown on Tab. 13 for inputs M1 and M2 and on Tab. 14 for inputs M3 and M4, for 6061-T6 aluminum the results for inputs M1 and M2 are found on Tab. 15 and for inputs M3 and M4 on Tab. 16 .
One more time values for S/N and β are calculated, these are shown on Tab. 17 for A36 steel and on Tab. 18 for 6061-T6 aluminum.
Analyzing the previous results, for A36 steel a higher S/N than on any other experiment was found, as a consecuence, it is safe to say that the optimal configuration is truly optimal and the work objective is fulfilled. Talking about β, despite not a maximum value was obtained because the influence percentages analysis favored S/N, a satisfactory above average value was obtained.
For 6061-T6 aluminum a higher β than on any other experiment was found, therefore, it is safe to say that the optimal configuration is truly optimal and, once again, the work objective is fulfilled. On this case β was mostly favored by the influence percentages analysis, which is why not a maximum S/N value was obtained, nevertheless the best possible value was found. Finally a last experiment was executed with Witteman's configuration, in this, a single bead trigger is implemented with the maximum possible height and minimum possible width, a height of 90 mm and a width of 20 mm were these values for our study object. Fig. 20 shows this configuration.
This configuration was tested with the experimental method using A36 steel and 6061-T6 aluminum. The results for A36 steel are shown on Tab. 19 for inputs M1 and M2 and on Tab. 20 for inputs M3 and M4, for 6061-T6 aluminum the results for inputs M1 and M2 are found on Tab. 21 and for inputs M3 and M4 on Tab. 22. Comparing the S/N and β values from the optimal configuration with the ones from Witteman's configurations, we conclude that the optimal configurations found have lesser variability caused by noises and greater energy absorption.
With A36 steel a 16.33% variability reduction and a 1.88% energy absorption increase were obtained, and with 6061-T6 aluminum a 3.87% variability reduction and a 1.8% energy absorption increase were obtained. Proving the optimal configurations results to be better than those obtained with Witeman's model. 
Conclusions
Evidently, safety is an essential area within the automotive industry, without a doubt it will continue to be studied and perfected as long as collisions and unforeseen events keep on happening, fortunately technological advancement is allowing much more precise and affordable studies. With the help of computational tools, such as the ones used along this work, the amount of physical prototypes and tests have been significantly reduced as well as the expense and time needed for such studies. An important conclusion of this work is that it is possible to improve, in a very significant amount, the behavior of a structure without changing the materials or the general geometry. On this case, simply by adding the proper configuration of collapse triggers 16.33% for A36 steel and 3.87% for 6061-T6 aluminum variability reductions were obtained, as well as 1.88% and 1.8% increases in eficiency respectively.
It is also important to mention that, the behavior of a structure during an impact situation does not depend exclusively on the geometry but on the material as well, which is why different trigger optimal configurations were obtained with A36 steel and 6061-T6 aluminum. Using Taguchi's method proves the great advantage a preventive culture has over a corrective one. In this case not a single physical prototype was destroyed but the product to be build has been already optimized with the use of simulation tools and experimentation methods.
This work contributes to knowledge as it considers rarely evaluated but frequently present noise factors, uses an efficient and reliable optimization method and provides a new and flexible methodology capable of being applied to any chassis optimization, hopefully it will be used by chassis developers and crash analysts as a reliable and efficient tool.
